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Chemistry of the Jovian Auroral Ionosphere 
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Department of Physics, Wright State University, Dayton, Ohio 
Y. H. Kim 2 and J. L. Fox 3 
Marine Sciences Research Center, State University of New York at Stony Brook 
H. S. Porter 
Department of Computer Science, Furman University, Greenville, South Carolina 
Abstract. We have investigated the chemistry of the Jovian auroral thermosphere- 
/ionosphere by modeling the precipitation of high-energy electrons into the auroral 
zones using a multistream electron-transport code and three model thermospheres' 
a standard model based on pressure and temperature data from Galileo, and two 
additional models that are characterized by enhanced eddy diffusion coefficients. 
We have predicted the effects of precipitation of monoenergetic electrons with 
energies between 20 and 100 keV with energy fluxes of about 11 ergs cm-2s -•. We 
have derived the column densities of H2, H, CH4, and C2H2 above the altitudes of 
peak energy deposition. For methane column densities similar to those determined 
from IUE and Hubble Space Telescope H2 spectral data, we find that for our 
standard model, the most likely electron energies are in the 45-55 keV range. For 
the enhanced eddy diffusion models the energies are lower. We present ion density 
profiles, H density profiles, and production profiles for the most important H2 and 
H emissions. The predicted H column densities are in the range (1 -6) x 10 •8 cm -2 
for the standard model and are smaller for the enhanced eddy diffusion models. 
We find that the temperatures near the altitude of peak energy deposition vary 
from 160 to 200 K and are significantly lower than those derived from rotational 
analyses of auroral H2 emissions, which average 400-500 K. This indicates that the 
auroral thermosphere is considerably warmer than those at lower latitudes that 
were measured by the Voyager spacecraft or the Galileo probe. 
1. Introduction 
Precipitation of high-energy particles into the auro- 
ral regions of a planet may have significant effects on 
the chemical and thermal structure of that region. On 
Jupiter, the power of the aurora inferred from the ultra- 
violet emission rates is in the range 10 •a- 10 TM W [e.g., 
Sandel et al., 1979; Broadfoot et al., 1981; Yung et al., 
1982; Girard and Singh, 1982; Waite et al., 1983; Skin- 
ner et al., 1984; Morrissey et al., 1997] and is larger 
than that of the total extreme ultraviolet solar input 
over the entire sunlit hemisphere. It has been pro- 
posed that this auroral energy input, which manifests 
•Now at AODTRA/CPTIP, Kirtland AFB, New Mexico. 
2Also at Chungnam NationM University, Daejon, Korea. 
3Also at Wright State University, Dayton, Ohio. 
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itself as chemical energy, luminosity, and heating, af- 
fects the entire Jovian thermosphere, perhaps in pro- 
found ways [e.g., G•rard and $ingh, 1982; Waite et al., 
1983; Clarke et al., 1994]. The major forms of auroral 
luminosity are the H2 Lyman (B•Ylu + --. X•lg +) and 
Werner (C•II• • X•Ylg +) bands, which appear in the 
far ultraviolet (FUV), H Lyman alpha at 1216 ./i, emis- 
sion from Ha + v2 fundamental nd overtone bands near 
4 and 2 /•m, respectively [e.g., Drossart et al., 1989, 
1993a; Oka and Geballe, 1990; Miller et al., 1990], and 
infrared emissions from hydrocarbon molecules [Cald- 
well et al., 1980, 1983; Kim, 1988], some of which have 
been observed to be enhanced relative to their midlat- 
itude values. In addition, quadrupole emission from 
H2(v = 1 -• 0) near 2/•m has been measured from the 
auroral regions [Kim et al., 1990]. X-ray emissions from 
the polar regions of Jupiter have been detected with the 
Einstein Observatory [Metzget ½t al., 1983] and with the 
RSntgen Satellite [Waite el al., 1994]. A possible visi- 
ble aurora was observed by the imaging experiment on 
board Voyager 1 [Cook et al., 1981], and recently the 
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first spatially resolved images of the visible aurora were 
made by the Galileo Solid-State Imaging Camera [In- 
gersoll et al., 1998]. 
The particles that produce the Jovian auroral emis- 
sions have not been definitively identified, but it ap- 
pears that electrons with energies of 10 to 100 keV are 
the most likely source of the majority of the observable 
emissions, although heavy ions and protons may also 
make some contributions. Images of the FUV auroral 
emissions taken with the Hubble Space Telescope (HST) 
Wide Field Planetary Camera 2 show that the oval is 
magnetically connected to middle magnetosphere and is 
distinct from the Io footprint, which may be produced 
by precipitation of electrons or of the Iogenic heavy ions 
O + and S + [Clarke et al., 1996]. In addition, the ab- 
sence of the O(aS ø _•a p) triplet at 1304 • in auroral 
spectra limits the role of O + in producing the observed 
emissions [Waite et al., 1988]. Upper limits were placed 
on the contribution of S + from the intensities of possible 
weak sulfur emissions in IUE spectra [Waite et al., 1988] 
and in spectra obtained with the Hopkins Ultraviolet 
Telescope (HUT)[Morrissey et al., 1997]. Clarke et al. 
[1989] found no evidence for strongly Doppler-shifted 
Lyman alpha emission in a series of high-dispersion IUE 
spectra. Such emission would be present if high-energy 
proton precipitation played a significant role in the au- 
roral excitation. Recently, more stringent upper limits 
were placed on the role of precipitation of heavy ions 
by Trafion et al. [1998], who searched for evidence of 
precipitating O + and S + and ambient hermal ions in 
HST spectra from 1250 to 1680 • but found none. 
There have been only a few discussions of the chem- 
ical effects of precipitating electrons in the Jovian au- 
roral regions. Gdrard and Sin#h [1982] used the con- 
tinuous slowing down approximation to model the ion 
production, excitation rates, and heating in the auro- 
ral regions due to precipitating electrons. The initial 
energy distributions of the electrons were assumed to 
be Maxwellian with characteristic energies of 0.1, 0.4, 
2, and 10 keV. H +, H2 +, and H3 + density profiles were 
presented for 2 keV electrons incident with an energy 
flux of I era cm-2s -•. Waite et al. [1983] carried out 
a comprehensive study of the effects of solar EUV and 
precipitation of energetic electrons on the ion and neu- 
tral densities, the auroral emission rates, and plasma 
and neutral temperatures of the Jovian thermosphere 
and ionosphere. They modeled precipitation of mono- 
energetic I keV and 10 keV electrons using a two-stream 
electron-transport code and a background model at- 
mosphere based on Voyager measurements. The as- 
sumed energy flux, 10 eras cm-2s -•, was chosen to 
produce about 80 kR of emission in the H2 Lyman 
and Werner bands [Sandel et al., 1979]. Waite et al. 
computed the densities of H and H + including both 
chemistry and transport, and carried out photochemi- 
cal equilibrium calculations for 10 other ions. Density 
profiles were presented, however, only for the neutral 
species and for electrons. 
At the time of the Waite et al. [1983] study, absorp- 
tion of the H2 emissions by methane and other hydro- 
carbons was thought to be minimal. Durrance et al. 
[1982] compared the spectra of the Jovian auroral re- 
gions taken with the International Ultraviolet Explorer 
(IUE) to that of an H2 discharge lamp and found no ev- 
idence for absorption of the H2 emissions by methane. 
Yun# et al. [1982] compared IUE spectra to a model 
spectrum and defined two "color ratios," one of which 
indicated that the precipitating particles penetrated the 
methane homopause slightly. They suggested that elec- 
trons with energies of about 10 keV deposit their energy 
in the region of the homopause and that the precip- 
itating electrons therefore were most likely character- 
ized by energies in the 1-30 keV range. Herbert et al. 
[1987] used Voyager auroral spectra to estimate a mod- 
est column abundance of hydrocarbons at the peak of 
the emission region of (1- 5) x 10 •5 cm -2 and inferred 
precipitating electron energies also of 1 - 30 keV, with 
lower values preferred. By fitting laboratory spectra 
of H2 emissions modified by transmission functions of 
CH4 and C•H• to two IUE spectra, Waite et al. [1988] 
concluded that the precipitating particles deposit their 
energy just above the methane homopause. For elec- 
trons as the primary particles, they estimated energies 
in the 10-30 keV range. 
Gladstone and Skinner [1989], however, compared 
two IUE spectra in the 1200-1700 • wavelength re- 
gion to detailed synthetic spectra and suggested that 
the precipitating particles penetrated the homopause to 
a significantly larger methane column density of about 
5 x 10 •e cm -2. For a model of the north equatorial 
belt based on Voyager data, the depth of penetration 
of the particles was determined to be about 1.8 x 102• 
H2 cm -2, and an electron energy of about 95 keV was 
derived. Although their synthetic spectra were sophis- 
ticated, Gladstone and Skinner assumed that the pre- 
cipitating electron energy deposition followed a simple 
Chapman profile. 
Livengood et al. [1990] used 229 FUV spectra of the 
Jovian auroral regions obtained with IUE from 1978 
to 1989 to study the temporal and spatial variations 
of methane optical depth and intensity. In addition 
to their "equatorial model," which was based on Voy- 
ager data, they constructed a simple isothermal "polar 
model," which was characterized by a higher methane 
homopause. They did not carry out an electron trans- 
port calculation but made the approximation that the 
electrons deposit their energy in a narrow altitude re- 
gion. The derived range for the precipitating electron 
energies was 9-17 keV for the polar model and 24-49 
keV for the equatorial model, and they found a correla- 
tion between greater extinction and greater intensities. 
Singhal et al. [1992] computed UV intensities in 
the Lyman and Werner bands, and density profiles for 
24 ions due to precipitation of energetic electrons in 
Maxwellian energy distributions with characteristic en- 
ergies of 10, 30, and 100 keV, and energy fluxes of 10 
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ergs cm-2s -1 into the Jovian auroral region. The back- 
ground model atmosphere for the electron energy de- 
position calculation contained H2, He, and H, and the 
electron energy loss was modeled using the continuous 
slowing down approximation. For the excitation and 
ionization rate calculation, methane was added to the 
atmosphere, with the density profile taken from the po- 
lar model of Liven9ood et al. [1990]. The chemistry cal- 
culations included, in addition, CI-I3, C2H2, C2H4, and 
C2H6, with fixed density profiles taken from Voyager 
data [Atre•ta, 1986] and the calculations of Gladstone 
[1982a]. Singhal et al. assumed that ions other than 
H + were in photochemical equilibrium, and they pre- 
sented the first detailed density profiles of hydrocarbon 
ions with up to two carbon atoms, with the C3 and C4 
ions treated as a class. 
Recently, Ii•e9o et al. [1994] computed excitation rates 
for H Lyman alpha and the Lyman and Werner band 
systems of H2 due to precipitating protons and dec- 
trons of energies 10-50 keV using the continuous low- 
ing down approximation. Ion densities were not re- 
ported, and the other effects of the precipitating parti- 
cles were not assessed. 
We investigate here the effects of electron precipita- 
tion into the Jovian auroral regions for a model based 
on Galileo and Voyager data. We have carried out com- 
plete electron transport calculations of the effects of 
precipitating electrons with a range of energies from 
20 to 100 keV. We present excitation, dissociation, and 
ionization rates and compute the density profiles of 21 
(a+, c+, 
ca+, 
C2H•, C2H7 +, CaHn +, and C4Hn +, where the latter two 
ions represent classes of ions with three or more and 
four or more carbon atoms, respectively) and eight mi- 
nor neutral species (CH, 1CH2, 3CH2, CH3, C2H, C2H3, 
C2H5, and H) simultaneously. In addition to chem- 
istry, transport by molecular and eddy diffusion is in- 
cluded for neutrals, and ambipolar diffusion is included 
for ions. We discuss the auroral production and loss 
of H, and the resulting H density profiles, and compare 
them to those inferred from recent observations of the 
Jovian auroral Lyman alpha line profile [Prang• et al., 
1997]. We also model the rates of production of the 
excited states of H2 and H that are responsible for the 
observed auroral UV and visible emissions. Finally, we 
compare the temperatures at the altitudes of maximum 
energy deposition to those inferred from HST spectra. 
2. Calculations 
We have carried out electron transport calculations 
using a multistream electron-transport code written by 
H. S. Porter [e.g., Porter et al., 1987]. The electrons 
were assumed to be monoenergetic with energies of 20, 
30, 40, 50, 65, 75, 85, 92 and 100 keV and energy fluxes 
of about 11 ergs cm-2s -1. The energy fluxes were nor- 
malized to that required to produce 60 kR of Lyman 
band emission before absorption by methane, a typi- 
cal value obtained in the HST Goddard High Resolu- 
tion Spectrograph (GHRS) observations of Kim et al. 
[1997] (80 kR) after correction by the factor of 0.725 
for a diffuse source [Space Telescope Science Institute, 
1994]. The precipitating electron flux was assumed to 
be isotropic over the downward hemisphere, and the 
steady state fluxes were computed for 20 streams of elec- 
trons. In the electron energy loss calculations, we have 
included electron impact on H2, He, H, CH4, C2H2, 
C2H4, and C2H6. The inelastic cross sections have 
been updated, and their sources are presented in Ta- 
ble 1. Elastic scattering of electrons from H2, He, and 
H was included, with the same cross sections as those 
employed by I(ira ½t al. [1992]. The auroral region was 
assumed also to be sunht, with a solar zenith angle of 
60 ø. Photoabsorption by H2, H, He, CH4, C2H2, C2H4, 
and C2He was included, and the cross sections adopted 
were the same as those compiled by I(ira and Fox [1994]. 
The photoelectron energy deposition was carried out 
with the approximation that these low-energy electrons 
lose their energy locally. 
To compute the steady state ion density profiles, 161 
ion-molecule reactions were included, with rate coef- 
ficients taken mainly from the evaluation by A nicich 
[1994]. Many of the rate coefficients that have been 
used are the same as those listed by I(ira and Fox [1994]; 
the rate coefficients that have been changed, along with 
other reactions that we refer to in the discussion, are 
shown in Table 2. A few of these deserve comment. 
The rate coefficient for reaction (R1) 
+ + (1) 
was previously assumed to be 1.4 x 10-10 cm 3 S- 1. The 
reaction is endothermic by about 19 kcal/mol, however, 
and the rate coefficient recommended by Anicich [1994] 
apphes only to suprathermal collision energies. We have 
therefore set the rate coefficient for the above reaction 
to zero in this study. Reaction (R15) 
+ + + (2) 
also appears to be slightly endothermic by about 2 
kcal/mol, and the rate coefficient for the reverse (exother- 
mic) reaction is 1 x 10 -lø cm 3 s -1 [Hansel et al., 1989]. 
We have adopted a rate coefficient of 1 x 10 -lø 
exp(-800/T) cm 3 s -1, rather than the temperature in- 
dependent value 1 x 10-12 cm 3 s- 1 assumed previously. 
Similarly, reaction (R11) 
CH5 + q- H -• CH4 + q- H• (3) 
is endothermic by 2.9 kcal/mol and the rate coefficient 
for the reverse (exothermic) reaction is 3x 10 -ll cm 3 s -1 
[Fedever et al., 1985]. We have here adopted a rate 
coefficient of3 x 10 -11 exp(-1460/T) cmas -1. 
Forty ion recombination reactions have been included. 
Those whose rate coefficients have been modified since 
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Table 1. Electron Impact Cross Sections 
Species Processes Beferences 
H2 
He 
CH4 
C2H2 
C2H4 
C2H6 
ionization 
B • Z• + B' • Z + B" • Z• + 
C 1IIu, D 1IIu, D' 1IIu 
E,F 1 yl, g+ 
3II u 3 g+ C • a • 
b 3Eu+ 
3p 3II u 
H Lyman o• 
H(as) 
Balmer-a, fl, 7 
v-- 0-• 1, 2, 3, 4, 5,6 
rotational excitation 
J=0 • 2 
J-1 -• 3 
ionization 
2s, 2p 
3s, 3p, 3d 
ionization 
excitation 
ionization 
El. Excl, El. Exc2 
CH,H2,H 
CH(A--•X), Balmer-o• 
CI(1657), CI(19m) 
vibrational excitation 
•1 and •3, •2 and •4 
ionization 
CH(A--•X), Balmer-O• 
ionization 
CH(A--•X), Balmer-O• 
ionization 
CH(A-•X), Balmer- o• 
Rapp and Englander-Golden [1965] 
A. Dalgarno (private communication, 1996) 
based on Liu et al. [1998] 
and Abgrall et al. [1993a, b] 
$hemansky et al. [1985], Ajello et al. [1988] 
Mason and Newell [1986] 
Lima et al. [1985] 
MJhlmann and De Heer [1976] 
AjeIlo et al. [1991] 
Ajello et al. [1988], Mumma and Zip] [1971] 
MJhlman et al. [1978], Freund et al. [1976] 
Allan [1985], Ehrhardt et al. [1968] 
Gibson [1970] 
Linder and Schmidt [1971] 
De Heer et al. [1977, and references therein] 
Scott et al. [1989] 
Callaway and Unnikrishnan [1993] 
Jackman et al. [1977] 
Jackman et al. [1977] 
Rapp and Englander-Golden [1965] 
Vuskovic and Trajmar [1983] 
Winters [1975], Adamczyk et al. [1966] 
MShlmann and De Heer [1977] 
Pang et al. [1987] 
Tanaka [1984], Duncan and Walker [1972] 
De Heer [1981], Zeng and Srivastava [1996] 
M•hlmann and De Heer [1977] 
Rapp and Englander-Golden [1965] 
Phillips Petroleum Co. [1983] 
MShlmann and De Heer [1977] 
De Heer [1981], Chatham et al. [1984] 
M•hlmann and De Heer [1977] 
the study of Kim and Fox [1994] and their sources are 
given in Table 3. One of the most important dissocia- 
five recombination reactions i that of H3 +, which may 
proceed via two possible channels (reactions (RC1) and 
Ha ++e -• H2+H (4) 
(5) 
The rate coefficient, which was believed for a time to be 
quite small, 10 -s cm 3 s -1 or less, for H3 + in the ground 
vibrational state (see the review by Mitchell [1990]}, 
has been measured by several groups and more recently 
found to be of the order of 10-7 cm 3 s-1. We adopt 
here the value 1.15 x 10-7(300/T) ø'•5 cm3s -1 reported 
by Sundstrb'm ½t al. [1994]. The yield of the two chan- 
nels in dissociative r combination f H3 + has also been 
measured recently by Datz et al. [1995], and the reac- 
tion has been found to favor the production of three H 
atoms (channel (RC2)) by a factor of 3:1. 
There are five possible channels in the dissociative re- 
combination reaction of CHs + (reactions (RC3)-(RC7))' 
CH• + + e cm + H (6) 
--• CH3 q- H2 
--• CH3 q- H q- H 
+ + (9) 
--• CH + H2 + H2 (10) 
The cross sections and branching ratios have been mea- 
sured in an ion storage ring at six different energies 
by $½maniak ½! al. [1998]. We have interpolated their 
branching ratios to a temperature of 200 K, and the 
results are shown in Table 3. 
Recent experimental measurements have shown that 
recombination coefficients for hydrocarbon ions formed 
from a series of alkanes, alkenes, and alkynes do not 
increase with size for ions larger than about Ca- as 
one might expect, but level off at about (7- 8) x 
10-7cm3s -• [Lchfaoui ½t al., 1997; Rebrion-Rowe ½t 
al., 1998]. Therefore we adopt here rate coefficients of 
7.5 x 10-7 cm 3 s- • for dissociative recombination of the 
ion classes C3Hn + and CaHn +.
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Table 2. Selected Ion-Molecule Reactions 
Number Reactions Rate Coefficient, Reference 
3 -1 
cm s 
R1 H2 + + He -• Hell + + H 0. see text 
R2 H3 + + C2H6 -• C2H½ + H2 2.9X 10 -11 
R3 C + + CH4 -• C2H2 + + H2 3.64X10 -10 
R4 -• C2H3 + + H 9.36X10 -lø 
R5 CH3 + q- C2H4 -• C2H3 + q- CH4 4.88X10 -10 
R6 -• C3H3 + q- H2 q- H2 4.24X 10-11 
R7 -• C3H5 + q- H2 5.4X10 -10 
R8 CH4 + + C2H4 -• C2H4 + + CH4 1.7X10 -9
R9 -• C2H5 + + CH3 2.6x10 -lø 
+ - RI0 -• C3H 5 + H2 + H 6x10 ll 
Rll CH5 + + H -• CH4 + + H2 3. XlO-11e -1460/T see text 
R12 CH5 + + CH4 -• products 3X10 -11 McMahon et al. [1976] 
R13 CH5 + + C2H6 -• C2H5 + + CH4 + H2 2.03X10 -10 
R14 -• C2H½ q- CH4 1.15 X10 -9 
R15 C2H2 + + H2 -• C2H3 + + H 1.OXlO-1øe -800/T see text 
R16 C2H2 -}- + CH4 -• C3H4 + + H2 1.87X10 -10 
R17 -• C3H5 + + H 7.0X10 -lø 
R18 C2H2 + q- C2H4 -• C2H4 + q- C2H2 4.14X10 -10 
R19 -• C3H3 + q- CH3 6.62x10 -10 
R20 -• C4H5 + + H 3.17x10 -10 
R21 C2H5 + + CH4 -• C3H7 + + H2 9x10 -14 
R22 C2H5 + + C2H4 -• C3H5 + + CH4 3.55x10 -1ø 
R23 C2H5 + + C2H6 -• C3H7 + + CH4 5.5x10 -12 
R24 -• C4H9 + + H2 3.35 x10- I 1 
R25 H3 + + CH4 -• CH5 + + H2 2.4x10 -9
R26 CH4 -t- q- H2 ---• CH5 + q- H 3X10 -11 Federer t al. [19851 
R27 H + + CH4 • CH3 + + H2 3.69x10 -9
R28 H2 + + H2 -• H3 + + H 2x10 -9 Glow and Farrell [1972] 
R29 H + + H2(v>_4) -• H2 + + H 2X10 -9 estimated 
R30 H2 + + CH4 -• CH5 + + H 1.1X10 -10 Kim and Huntress [1975] 
R31 C2H4 + q- C2H2 ---• C4H5 + q- H 2.37X10 -10 Jarrold etal. [1983] 
R32 He + + H2 • Hell + + H 4.21X10 -13 Schauer tal. [1989] 
R33 -• H + + H + He 8.8X10-14 
R34 H2 + + H -• H + + H2 6.4X10 -10 Karpas etal. [1979] 
R35 C2H4 + + H -• C2H3 + + H2 3X10 -10 Hansel •al. [19891 
R36 C2H5 + q- H -• C2H4 + q- H2 1X10 -11 Hansel tal. [1989] 
R37 C2H3 + + n -• C2H2 + + H2 1X10 -10 Hansel tal. [1989] 
R38 Hell + + H -• H2 + + He 9.1X10 -10 Karpas etal. [1979] 
Only those reactions whose rate coefficients have been modified since the study of Kim and Foz [1994] and those necessary 
to the discussion are included. All rate coefficients, unless otherwise noted are from the evaluated compilation of Anicich et al. 
[1994]. 
We have included 39 neutral-neutral reactions for hy- 
drocarbons up to Ca, and those reactions are shown in 
Table 4. This reaction set is admittedly smaller than 
the 194 reactions employed by Gladstone et al. [1996] 
in their model of the neutral hydrocarbon chemistry in 
the midlatitude thermosphere. A more complete neu- 
tral chemistry model would include the entire reaction 
set employed by Gladstone et al. but is outside the 
scope of this work. 
3. The Model 
3.1. Temperature Profile 
We have constructed our standard model with infor- 
mation combined from Galileo and Voyager. The tem- 
perature profile we have adopted is a smoothed version 
of the profile derived from measurements of the Galileo 
Atmospheric Structure Instrument [Seiff et al., 1997] 
and is shown in Figure 1. The original profile exhibits 
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Table 3. Selected Dissociative Recombination Reactions 
Number Reactions Rate Coefficient, 
cm3s - 1 
Reference 
RC1 H3 + + e -• H2 
RC2 -• H 
RC3 CH t + e -• CH2 
RC4 -• CH3 
RC5 -• CH3 
RC6 • CH4 
RC7 --+ CH 
RC8 C2 H+ + e • CH 
RC9 C2H2 + + e -• CH 
RC10 • C2H 
RC11 C2H3 + + e • CH2 
RC12 • C2H2 
RC13 C2H4 + + e • CH2 
RC14 • C2H 3 
RC15 C2H6 + + e ---+ CH4 
RC16 C2H7 + q- e • C2H4 
RC17 • C2H5 
RC18 • C2H 6 
RC19 C3Hn+ + e • products 
RC20 C4Hn + + e • products 
RC21 H + + e -• H 
RC22 CH3 + + e --+ CH2 
+ H 2.88 x 10-8(300/Te) ø'65 
+ H + H 8.63X10-8(300/Te) ø'65 
+ H2 + H 5.3X10-8(300/Te) 0'52 
+ H + H 1.9X10-7(300/Te) 0'52 
+ H2 1.7X10-8(300/Te) 0'52 
+ H 9.0X10-9(300/Te) 0'52 
+ H2 + H2 9.5X10-9(300/Te) 0'52 
+ C 6.SX10-S(aoO/Te) 0'5 
+ CH 8.1XlO-8(300/Te) 0'5 
+ H 1.9X10-7(300/Te) 0'5
+ CH 2.3X10-7(300/Te) 0'5
+ H 2.3X10-7(300/Te) 0'5
+ CH2 1.75X10-7(300/Te) 0'5 
+ H 1.75X10-7(300/Te) 0'5 
+ CH2 3.5X10-7(300/Te) 0'5
+ H2 + H 2.0XlO-7(300/Te) 0'5 
+ H2 2.0X10-7(300/Te) 0'5
+ H 2.0X10-7(300/Te) 0'5
7.5X10-7(300/Te) 0'5
7.5X10-7(300/Te) 0'5 
+ h•, 4X10-12(250/Te) 0'7 
+ H 3.5X10-7(300/Te) 0'5
$undstr•rn et al. [1994] 
Datz et al. [1995] 
$eraaniak et al. [1998] 
Mul and McGowan [1980] 
Mul and McGowan [1980] 
MuI and McGowan [1980] 
estimate 
estimate 
estimate 
estimate 
estimate 
estimate 
estimate 
estimate 
Bates and Dal#arno [1962] 
Mulet al. [1981] 
Only those reactions whose rate coefficients have been modified since the study of Kira and Fox [1994] and those necessary 
to the discussion are included. 
a wavelike structure, with an exospheric temperature of 
about 900 K. The exospheric temperature derived from 
the Voyager solar occultation data was 1100 4-200 K 
[Atrcya et al., 1981]. Although these values apply to 
nonauroral regions, we have assumed that 'the temper- 
ature profile applies to the auroral regions as well, to 
facilitate comparison with other calculations. 
It is, however, likely that there are temperature differ- 
ences between the auroral regions and lower latitudes. 
Precipitating electrons deposit 40-50% of their energy 
as heat [Gdrard and Singh, 1982; Waite el al., 1983], 
and therefore very large heating rates, of the order of a 
few ergs cm -2 s- • or more, are implied by the observed 
ultraviolet intensities. Auroral temperatures from the 
stratosphere tothe lower thermosphere (from about 100 
mbar to 1 ttbar) have been derived from ground-based 
and Voyager IRIS spectra of hydrocarbons and the val- 
ues have been found to be significantly enhanced over 
those of nonauroral regions [e.g., Kosliuk ½! al. 1993; 
Drossart ½! al., 1993b; Livengood ½l al., 1993]. Temper- 
atures in the middle auroral thermosphere have been 
inferred from the rotational structure in the infrared 
Ha + auroral emissions ear the exobase and have been 
found to be higher than those at midlatitudes. Drossart 
et al. [1989] and Drossart et al. [1993a] derived rota- 
tional temperatures of 1000-1200 K and 12504-70 K, 
respectively, from Jovian auroral Ha + emission at 2 and 
4 /•m detected with the Canada-France-Hawaii Tele- 
scope. Observations of Jovian auroral H3 + emissions at 
2.1 and 4.0 itm with the NASA Infrared Telescope fa- 
cility at Mauna Kea indicated rotational temperatures 
of about 11004-100 K [Millet' el al., 1990]. It has been 
proposed that the heat deposited by the precipitating 
particles may be efficiently redistributed from the au- 
roral zones to the equatorial regions by strong ther- 
mospheric winds [e.g., Waite et al., 1983; Eraerich et 
al., 1996]. Achill½os et al. [1998] have constructed a 
three-dimensional dynamical model of the Jovian auro- 
ral ionosphere, in which auroral precipitation of 10 keV 
electrons with an energy flux of 8 ergs s-t parallel to the 
local field lines produces outflowing winds of up to 35 m 
s -t at the nanobar pressure l vel (just below 1000 km 
in our model) and 600 m s- 1 at the upper boundary of 
their model. They noted that if the region of electron 
energy deposition is as narrow as recent HST images 
have shown it to be, the winds could be significantly 
stronger, but that modeling such wind speeds would re- 
quire higher resolution than their current model allows. 
The temperatures inthe near-equatorial thermosphere 
of Jupiter have been derived from Voyager stellar oc- 
cultation data, and values near 400 km were found to 
be about 200-t-50 K [Alrcya et al., 1981; F½stou etal., 
1981]. Temperatures at the peak of auroral energy de- 
position have been inferred from analyses of the rota- 
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Figure 1. Smoothed temperature profile from the 
Galileo Atmospheric Structure Instrument [S½iff et al., 
tional structure of the 1-12 bands in spectra obtained 
with the I-IST G I-IRS. These spectra are assumed to 
arise mainly from the altitude of maximum emission, 
which coincides approximately with the altitude of max- 
imum electron energy deposition. Trafion et al. [1994] 
analyzed HST spectra of the Lyman and Werner bands 
of 1-12 in the 1252-1288 and 1572-1607 • ranges, and re- 
ported temperatures of 5304-100 K. Clarke et al. [1994] 
analyzed spectra of the northern auroral regions in the 
wavelength range 1204-1241 • and derived tempera- 
tures of 400-700 K. Kim et al. [1995] reported tem- 
peratures of 200-800 K from spectra in the wavelength 
range 1586-1620 •; from the spectra that exhibited the 
brightest 1-12 bands, temperatures of 200-500 K were 
derived. 
œiu and Dal9arno [1996] reanalyzed these lIST spec- 
tra using more recent wavelengths and transition prob- 
abilities for the Lyman and Werner band systems from 
Ab9rall et al. [1993a,b] and including the effect of sec- 
ondary electrons. They derived temperatures of 300- 
700 K, with values of 400-500 K for the brightest au- 
roral regions. In 1995, Kim et al. [1997] obtained six 
additional spectral pairs of Lyman and Werner band 
emissions and analyzed these spectra and those from 
their 1993 observations [Kim et al., 1995] with updated 
molecular data and including the effect of secondary 
electrons. They derived temperatures in the range 300- 
850 K, with a value of 450 K for the brightest spectrum. 
The precipitating electrons have been found in previ- 
ous studies to deposit most of their energy in the region 
of or just below the hydrocarbon homopause, which is 
near 440 km above the 1-bar level for the midlatitude 
model from Voyager [Atre•/a et al., 1981]. In our stan- 
dard (Galileo) model the homopause is at about 375 km, 
which is significantly lower than in the Voyager model. 
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Here we use our model of electron energy deposition in 
the auroral regions to compare the temperatures at the 
altitudes of peak energy deposition using the Galileo 
temperature profile to those derived from HST spectra. 
3.2. Eddy Diffusion Coefficient 
Because of the large energy input by precipitating 
particles, mixing processes in the auroral regions may be 
much more efficient than those in the midlatitude ther- 
mosphere. t(ira e! al. [1997] presented a plot of tem- 
perature inferred from their HST Jovian auroral spectra 
versus pressure for several models. They found that the 
temperature-pressure pairs would fit the Galileo model 
fairly well if an admittedly unrealistic model with a 
constant mixing ratio of methane throughout the ther- 
mosphere were assumed. This model would be consis- 
tent with a very large auroral eddy diffusion coefficient 
and a very high homopause. Here we have constructed 
three models that differ mainly in the eddy diffusion 
profile assumed. In our standard model (A), the eddy 
diffusion coefficient in cm 2 s -• is given by 
nt (11) 
where nt is the total number density in cm -3 and 
A = 1.4 x 106 was derived by Atreya et al. [1981] (see 
also Festou e! al. [1981]) by fitting model H2 and CH4 
density profiles to Voyager data: the It2 density at a 
methane optical depth of unity at Lyman alpha derived 
from the stellar occultation data, and the tropopause 
mixing ratio implied by the Voyager IRIS data [Hanel 
et al., 1979]. The methane density profile in our model 
is completely determined by our choice of the Voyager 
value for A, and the Galileo value for the methane mix- 
ing ratio at the lower boundary of the model (200 km). 
We note here that the methane mixing ratio in our 
model at 5 /•bar is about 5 x 10 -4 and not the value 
2.5 • 10 -• derived from the Voyager stellar occulta- 
tion data. In order to reproduce that mixing ratio, we 
would have to reduce the value of A considerably. It is 
unlikely that the effective eddy diffusion coefficient in 
the auroral thermosphere is less than that at midlati- 
tudes, although it is possible that eddy diffusion does 
not adequately represent the vertical mixing produced 
by the actual wind field in the auroral regions. Strong 
auroral winds have been derived in the dynamical 3-D 
model of Achilleos et al. [1998]. 
For models B and C, we have increased the values for 
A by factors of 3 and 10, respectively. As the eddy diffu- 
sion coefficient increases, the altitude of the homopause 
also rises, and the resulting values of the eddy diffusion 
coefficients at the homopauses are I 8 x 106, I x 107 ß , 
and 8 x 107 cm 2s -• for models A, B, and C, respec- 
tively. The altitude of the homopause rises from 375 to 
505 km, and the temperature increases from about 250 
to 570 K from model A to model C. The homopause 
characteristics of the three models are compared in Ta- 
ble 5. 
3.3. Background Density Profiles 
Background density profiles for H2, He, H, CH4, 
C2H2, C2H4, and C2H6 for the standard and enhanced 
eddy diffusion coefficient models are shown in Figures 
2a-2c. The neutral density profiles in the three mod- 
els were computed including both molecular and eddy 
diffusion. The H2 density profiles were constructed by 
setting the total pressure at 200 km to that derived from 
measurements of the Galileo probe [$eiff et al., 1997]. 
The densities at higher altitudes were then determined 
using the temperature profile and the eddy diffusion co- 
efficients described in section 3.2. The helium mixing 
ratio, defined here as the fraction by number or vol- 
ume, at the lower boundary was assumed to be 0.135, 
as determined by Nieraann et al. [1996] from the Galileo 
probe mass spectrometer, and by Von Zahn and Hunten 
[1996] from the Galileo Helium Abundance Detector. 
The H• densities derived from Galileo data at and 
above 200 km are smaller than those derived from Voy- 
ager data. For example, at 200 km the H2 density in 
our model A is 7.8 • 101• cm -3, whereas in the Voyager 
model the density is I • 10 •c cm -3. The difference at 
400 km is larger: 3.8 • 1012 cm -3 in the Galileo model 
and 2 • 1013 cm -3 in the Voyager model. This reflects 
the slightly lower mesospheric temperatures measured 
by the Galileo Atmospheric Structure Experiment [Seiff 
et al., 1997] compared those interpolated from the Voy- 
ager IRIS and radio science measurements [Festou e! 
al., 1981]. 
Table 5. Homopause Characteristics of Models A, B, and C 
A B C 
Altitude, km 375 425 
•r•-h, cm2s - 1 1.8 X 106 9.9 • 106 
Pressure, •bar 0.283 8.93 • 10- 3 
Temperature, K 247 361 
H 2 density, cm -3 7.95•1012 1.70X1012 
H 2 column density, cm -2 3.37•1019 1.05•1019 
CH4 density, cm -3 2.16•107 1.54•107 
CH4 column density, cm- 2 1.88 • 1013 1.97 X 1013 
5O5 
7.6X107 
-3 
2.70X10 
567 
3.22X1O TM 
3.13X1O 18 
6.14X1O 6 
1.28X1013 
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Figure 2. Density profiles of the background atmosphere fo  (a) model A, (b) model B, and (c) 
model C. The altitudes on the left vertical axis are referred to the 1 bar level. The right axis 
gives the pressure level. 
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For our models the density profiles for the long- 
lived stable hydrocarbons CH4, C2H2, C2H4, and C2H6 
were determined with the assumption that chemistry 
does not affect their densities. The mixing ratio of 
methane at the bottom of the model was assumed to 
be 2.1 x 10 -3, as measured by the Galileo probe mass 
spectrometer [Niemann et al., 1996]. The C2H6 mixing 
ratio was assumed to be 2 x 10 -6 at the 5 pbar level, 
as Voyager stellar occultation measurements indicated 
[Atreya et al., 1981; Festou et al., 1981]. For C2H2 and 
C2I-I4 the mixing ratios determined in the calculations 
of Gladstone ½t al. [1996] were fixed at their peak values 
of 3 x 10 -• and 2x 10 -6, respectively, at the 4/•bar level, 
near 300 km, and assumed constant below that altitude. 
In our models B and C with increased eddy diffusion 
coefficients, the high-altitude hydrocarbon densities are 
enhanced relative to those in the standard model. 
The assumption that precipitation and subsequent 
chemistry does not affect the densities of the major 
stable neutral hydrocarbons in the auroral regions is 
certainly not strictly correct. Indeed, all the C2 hyd•o- 
carbons are ultimately produced from methane photo- 
chemically. The detailed neutral hydrocarbon model of 
Gladstone ½! al. [1996] shows that the C2H2, C2H4, and 
C2He mixing ratios peak near 4-5 /•bar, and that the 
densities may be reduced at lower altitudes either by 
increasing the supply of H from higher altitudes or by 
increasing the eddy diffusion coefficient. Both effects 
may be produced by auroral particle precipitation. The 
auroral effects in our calculations are, however, concen- 
trated near and above 300 km, and our results are not 
much affected by the assumptions about the density 
profiles of the C2 hydrocarbons below this altitude. 
Further evidence about variations of neutral hydro- 
carbon densities from the auroral zones to lower lati- 
tudes is reflected in infrared emissions, some of which 
have been observed to be enhanced in the auroral re- 
gions, and some of which are reduced. For example, 
Drossart ½! al. [1986] measured enhanced acetylene 
emission at 13.3/•m from the north pole of Jupiter us- 
ing the NASA Infrared Telescope Facility. Caldwell ½t 
al. [1980] observed enhanced emissions from methane 
in the •4 fundamental from the Jovian polar regions at 
7.8 /•m. Using infrared heterodyne spectroscopy at 12 
mm, tfostiuk ½t al. [1989], however, found no evidence 
for increased emission from ethane near 60øN latitude, 
and one set of measurements showed an actual decrease. 
Such variations in infrared emissions may arise from 
variations in temperature or in the abundances of the 
emitting species, either of which may occur in the au- 
roral regions. 
Coupling of auroral precipitation and neutral chem- 
istry is also indicated by the existence of auroral hazes 
[Pryor and Hord, 1991]. The ion chemistry, which is 
coupled to the neutral chemistry, may play some role 
in haze production as well. These issues are important 
and will be taken into account in future models in which 
the neutral chemistry is more complete than that which 
we have adopted here. 
Another important but ill-defined factor for the chem- 
istry of the auroral ionosphere is the size of the auroral 
regions and the rate of horizontal transport both into 
and out of the region. This transport may be rapid and 
may greatly affect the number densities of species with 
long chemical lifetimes. The latitudinal extent of the 
intense auroral precipitation is uncertain. The stated 
intensity of auroral emissions (in kR) depends on the 
assumed width of the oval. Initially, the oval was as- 
sumed to be about 6000 km wide because that is the 
width of the magnetic projection of the edges of the 
Io torus onto the planet, and the precipitating parti- 
cles were assumed to originate from the torus [Sandel 
el al., 1979]. The identification of the primary parti- 
cles as heavy ions has been shown to be improbable 
over the last few years, and HST FUV images have also 
shown the emitting region to be significantly narrower 
than previously supposed, sometimes of the order of 
only hundreds of kilometers [Gdrard el al., 1994; Clarke 
c! al., 1996]. Furthermore, diffuse emissions are ob- 
served poleward of the narrow, bright arc [Gfrard c! 
al., 1994; Ballester e! al., 1996]. A multidimensional 
calculation would be necessary to model these effects. 
Our assumption that the density profiles of methane 
and the three stable C2 hydrocarbons are not affected 
by precipitation or chemistry is equivalent to assum- 
ing that horizontal transport is rapid enough to reduce 
their density gradients. This is, however, a significant 
source of uncertainty in our model. 
Evidence concerning the atomic hydrogen density 
profiles in the auroral regions is conflicting. In the 
nonauroral regions the major source of dayglow Ly- 
man alpha is resonance scattering of the solar line, 
and therefore the measured intensity is indicative of 
the column abundance of H above the methane absorp- 
tion altitude. An atomic H column density of about 
I x 10 •7cm -2 above the methane absorption altitude 
was inferred from the Voyager Lyman alpha airglow 
data by McUonncll c! al. [1980]. From a disk-averaged 
Lyman alpha intensity of 13 kR measured with a sound- 
ing rocket, Clarke e! al. [19S0] derived a global aver- 
age H atom layer of 3.2 x 10 •7 cm -2. Similar aver- 
age intensities of about 10 kR were reported for the 
Lyman alpha dayglow outside the "bulge" region from 
IUE spectra [Skinner c! al., 1983; see also Skinner el 
al., 1988]. Skinner et al. [1988] analyzed ICE observa- 
tions of Jovian dayglow Lyman alpha over the 8-year 
period 1978-1986 and concluded that, since the inten- 
sities tracked that of the solar Lyman alpha line fairly 
closely, the column density of H had remained essen- 
tially unchanged over that period at about 1017cm -2, 
as determined earlier by Gladstone [1982a,b]. Recently, 
Ben Jaffel e! al. [1993] used a sophisticated radiative 
transfer code to model the Jovian bulge and nonbulge 
Lyman alpha intensities measured by ICE and found 
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that a column density of about 3.7 x 1017 cm -2 repro- 
duced the nonbulge data well. 
Waite et al. [1983] computed the 11 density profile 
for the solar EUV source alone and found that, for 
their standard eddy diffusion coefficient, the atomic hy- 
drogen profile was characterized by a peak density of 
1.3 x 101ø cm -3 near 400 km and a column-integrated 
density of 1.75 x 1017 cm -2 above the methane absorb- 
ing layer. The standard eddy diffusion coefficient used 
by Waite et al. (about 1 x 106 cm2s -1 at the ho- 
mopause) was determined by fitting the density pro- 
files of methane and ethane to the Voyager stellar oc- 
cultation data [Atreya et al., 1981] and is similar to 
our /• value for model A. Smaller 11 column densities, 
of the order of 1016 cm -2, were obtained only for ho- 
mopause eddy diffusion coefficients in excess of about 
107 cm 2 s-1. Waite et al. also computed the average 11 
density profile that would result if 11 produced in the au- 
roral regions were distributed uniformly over the globe 
(by, for example, thermospheric winds) and predicted a 
column abundance of about 6 x 1017 cm -2. 
Recently, Prangg et al. [1997] have derived 11 column 
densities from an analysis of the shape of the auroral Ly- 
man alpha line obtained at high spectral resolution with 
the GHRS on 11ST. The auroral Lyman alpha emis- 
sion is produced mainly by dissociative excitation of It2 
by the precipitating electrons, although on the dayside 
there is also a significant component due to resonance 
scattering of solar radiation. The line profile exhibits a 
strong central reversal, which occurs due to resonance 
scattering of the emitted photons by a population of 11 
atoms above the emitting region. Thus the line shape 
may be exploited to determine the column abundance of 
H atoms above the region of production or the methane 
absorption altitude. The auroral column densities in- 
ferred by Prangd et al., (1- 5) x 1016 11 atoms cm -2, 
are smaller even than the midlatitude values inferred 
from the Lyman alpha dayglow observations. 
For our background models, we have fixed the column 
density of H at 1 x 1017 cm -2 above the homopause, as 
a compromise between the equatorial and midlatitude 
column abundances inferred from measurements and 
models and the values derived by Prangd et al. [1997] 
for the auroral region. We then predict the steady state 
atomic hydrogen density profile implied by our precipi- 
tation calculation. While the computed auroral atomic 
hydrogen densities may be reduced by transport from 
the polar to the equatorial regions, thermospheric winds 
are unlikely to decrease the 11 column densities in the 
polar region to values smaller than those at midlati- 
tudes. It is possible, however, that the smaller auroral 
atomic hydrogen column densities are a consequence 
of stronger vertical mixing, which enhances the high- 
altitude densities of species that react with 11 and also 
transports H atoms to lower altitudes, where they are 
destroyed more efficiently. We therefore explore here 
the effect of increasing the eddy diffusion coefficient on 
the H density profiles. 
101a 
g0 40 60 80 I00 
Electron Energy (key) 
Figure 3. Column densities above the electron energy 
deposition peak as a function of energy of the precipi- 
tating primary electron. Models A, B, and C are shown 
as solid, dotted, and dashed lines, respectively. For H 
the column densities are above the methane r - 1 level 
at Lyman alpha (1216 A), if that altitude is above the 
energy deposition peak. 
4. Results 
The column densities of H2, H, C114, and C2H2 to 
which the precipitating electrons are predicted to pen- 
etrate as a function of electron energy from 20 to 100 
keV for each of the three models are presented in Fig- 
ure 3. The H2 column densities are not significantly 
model-dependent; he values vary from about 6 x 1019 to 
1021 cm -2 as the electron energy increases from 20 keV 
to 100 keV. Recently, Wolven and Feldman [1998] ana- 
lyzed auroral spectra of the Lyman and Werner bands 
obtained with HUT. The transitions in the wavelength 
region below 1100 ]k terminate on low vibrational levels 
of H2, and the degree of observed self-absorption indi- 
cates the vibrational temperature and depth from which 
the emissions originate. From the measured intensities 
of emissions terminating on v - 2, Wolven and Feldman 
derived H2 vertical column densities of 1.5 x 1020 cm -2. 
For our models this corresponds to an electron energy 
of about 30 keV. 
PERRY ET AL.' CHEMISTRY OF THE JOVIAN AURORAL IONOSPHERE 16,553 
The methane column densities above the altitude of 
peak electron energy deposition for the standard model 
increase from 3 x 10 TM cm -2 to 4 x 1017 cm -2 over the 
electron energy range considered here. These values are 
considerably smaller than those computed by Singhal 
e! al. [1992] because the abundance of methane inour 
model atmosphere is significantly smaller than theirs. 
As expected, the column densities of hydrocarbons, in- 
cluding methane, are larger for the enhanced dy dif- 
fusion coefficients. The average methane column densi- 
ties inferred from IUE and HST spectra are of the order 
of (3- 6) x 1016 cm -2. As Figure 3shows, those col- 
umn densities correspond to energies of 45-55 keV for 
the standard model atmosphere. For models B and C, 
with enhanced eddy diffusion, the corresponding ener- 
gies are 25-30 keV and about 15-20 keV, respectively. 
By comparison, Gladstone and Skinner [1989] inferred 
an electron energy of about 95 keV, and Singhal et al. 
[1992] derived a value of 30 keV. The sources ofthe 
difference are not easy to identify, since the model at- 
mospheres u ed in those studies were different, and the 
electron transport was handled in very different ways 
from ours. Wail½ el al. [1983] carried out a two-stream 
electron transport calculation that should give compa- 
rable results to ours, but their inferred electron energies 
of 1-10 keV reflected the then prevalent belief that the 
electrons did not penetrate to below the methane ho- 
mopause. Waite c! al. [1988] analyzed two spectra of 
the Jovian auroral regions measured by IUE and de- 
termined penetration depths by modifying laboratory 
spectra by the hydrocarbon transmission curves of Yung 
el al. [1982]. They reported that precipitating electrons 
with energies in the 10-30 keV range were most likely, 
with a best fit of 22.5 keV. 
We have also determined the acetylene column den- 
sities to which the electrons penetrate as a function of 
electron energy for the three models, and the results 
are also shown in Figure 3. C2H2 column densities of 
(4-12) x 10 TM, (1-3) x 10 TM, and (2-4) x 10 TM cm -2 are 
predicted for models A, B, and C, respectively, for the 
precipitating electron energies derived from the mea- 
sured methane column densities. Our acetylene column 
Table 63. Column Production Rates of Selected H Sources for 
Model B with 30 keV Precipitating Electrons 
Number Reaction Column Production 
Rate, cm- 2s- 1 
RN3 1CH2 + H2 -• CH3 + 
RNll CH + CH4 -• C2H4 + 
RN15 C2H + H2 -• C2H2 + 
RN18 C2H + C2H2 -• H 
RN20 C2H3 + H2 -• C2H4 + 
RC1 H3 + + e -• H2 + 
RC2 H3 + + e -• H + 
RC3 CH5 + + e -• CH2 + 
RC4 -• CH3 + 
RC6 -• CH4 
RC10 C2H2 + + e -• C2H + 
RC12 C2H3 -1- q- e -• C2H2 q- 
RC18 C2H7 + + e -• C2H6 +
RC21 H + + e -• H + 
RC22 CH3 + + e _• 1CH2 +
R15 C22 + q- H2 -• C2H3 q- q- 
R17 C2H2 + q- CH4 • C3H5 -1- q- 
R27 H + + CH4 -• CH4 + + 
R28 H2 + + H2-• H3 + + 
R31 C2H4 + + C2H2-• C4H5++ 
R32 He + + H2 • Hell + q- 
R33 • H + q- 
CH4 q- hF -• 3CH2 q- 
-• CH + 
C2H2 q- ht2 -• C2H* q- 
-• C2H + 
C2H4 + hF --+ C2H2 + 
C2H6 + hu -• C2H4 + 
H2 + e* -• H + + 
--+ H + 
H 
H 
H 
products 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
H 
+ H 
+ H2 
+H 
+ He 
+ H 
+H2 
+ H 
+ H 
+ 2e 
+ e 
1.59X101ø 
2.10X101ø 
3.47X109 
2.15X109 
1.64 X 108 
3.61 X 109 
3.24X101ø 
7.84X109 
5.71 X 101ø 
1.33 X 109 
1.50X108 
4.36 X 108 
1.77X108 
1.52X108 
4.45 X 108 
1.93X10 TM 
2.21X101ø 
1.05X101ø 
1.87 X 109 
1.78X10 TM 
9.07X106 
2.97X109 
6.20X108 
7.66X109 
6.01 X 108 
1.18X107 
3.58X109 
1.06X101ø 
7.33X106 
7.01 X 109 
1.68X10 TM 
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Table 6b. Column Loss Rates of H for the Major H Sinks 
for Model B with 30 keV Precipitating Electrons 
Number Reaction Column Loss 
Rate, cm- 2s- 1 
RN1 1CH2 + H • CH + H2 1.24x108 
RN4 3CH2 + H --+ CH + H2 1.97X 1010 
RN10 CH4 + H --, CH3 + H2 1.29x108 
RN19 C2H3 + H --, C2H2 + H2 7.80x109 
RN22 C2H4 + H -• C2H3 + H2 5.06x101 
RN25 C2H5 + H • CH3 + CH3 3.77x101ø 
RN30 H + H + H2 --• H2 + H2 2.78x10 TM 
RN33 CH3 + H + H2 --* CH4 + H2 1.19x10 TM 
RN36 C2H2 + H + H2 --• C2H3 +H2 8.12x109 
RN37 C2H4 + H + H2 -• C2H5 + H2 3.78x101ø 
RN38 C2H5 + H + H2 --• C2H6 + H2 1.05 X 10 6 
Rll CH• + H --• CH4 + H2 8.38x109 
R34 H2 + + H --• H + + H2 1.05x109 
R41 Hell + + H --• H2 + + He 2.73X107 
R43 C2H3 + + a --• C2H2 + + H2 2.22X10 TM 
R35 C2H4 + + a -• C2H3 ++ H2 1.24X1010 
R36 C2H5 + + a-• C2H4++ H2 1.19X10 l0 
H + h•2 --• H + + e 2.23X 109 
H + e* --• H + + 2e 6.67X 10 7 
densities are smaller than those of methane by about a 
factor of 50, in rough agreement with the broad range of 
10-100 derived by Ajello et al. [1998] from Galileo UVS 
spectra. It should be noted, however, that the acety- 
lene column densities are strongly model-dependent, 
and there is significant uncertainty in the abundance 
of acetylene at thermospheric altitudes both in the au- 
roral regions and at lower latitudes. 
The atomic hydrogen production rates in the auroral 
regions are greatly enhanced over those arising from the 
interaction of solar EUV fluxes with H2 at lower lati- 
tudes. The major sources of H in the auroral regions, 
along with column integrated production or loss rates, 
are listed in Table 6a. Altitude profiles of the most 
important production mechanisms of H for 30 keV elec- 
trons precipitating into our model B are shown in Figure 
4. At altitudes above about 450 km, the major sources 
are dissociative r combination f Ha + (reactions (RC1) 
and (RC2))and the reaction of H• + with H2 (reaction 
(R28)). The altitude profile of reaction (R28) resembles 
the electron-impact ionization profile. Other important 
sources of H include direct electron-impact dissociation 
of H2, 
H2+e* •H+H, (12) 
dissociative r combination f CH• + (RC3, RC4, and 
RC6), and the slightly endothermic ion-molecule reac- 
tion 
C2H• + + H2 -• C2Ha + + H. (13) 
The column integrated rate of this reaction is large more 
because it involves the dominant neutral H2 than be- 
cause the density of C2H• + is large. In fact, the most 
important C2 ions are C2Ha + and C2H3 +, and the most 
important source of C•H} is the exothermic reverse re- 
action (R37), which we will discuss below. Other impor- 
tant sources ofC2H•+ include the reaction of C2H + with 
H2 and charge transfer from H• + and He + to C2H•. Di- 
rect production of C2H• + by photoionization a d auroral 
electron impact ionization of C2H2 is also significant. 
As the model eddy diffusion coefficient increases, the 
altitude range over which reaction (R15) dominates be- 
comes larger, and the altitude at which H3 + dissociative 
recombination (reactions (RC1) and (RC2))exceeds re- 
action (R15) rises. For the C2I-Iq profile that we have 
adopted, photodissociation of ethylene 
C2H4 -}- ht/• C2H2 + 2H (14) 
dominates the production of H below about 300 km. 
The major chemical sinks of atomic hydrogen for 30 
keV electrons precipitating into thermospheric model B 
are listed, along with integrated column loss rates, in 
Table 6b, and altitude profiles are shown in Figure 5. 
The reaction of H with C2Ha + (reaction (R37)) 
C•H3 + + H -• C•H• ++ H• (15) 
is the dominant destruction mechanism for H in the 
340 to 470 km region. The reverse of reaction (R37) 
(reaction (R15)), which we have discussed above, is an 
important source of H, and its rate is nearly as large 
as that of (R37). Thus the sequence ofreactions (R37) 
followed by (R15) constitutes a "null cycle" that mir- 
PERRY ET AL.- CHEMISTRY OF THE JOVIAN AURORAL IONOSPHERE 16,555 
600 I- H- + e_ '½\ \ \ Kh = 9.9xI0 • cm2s -' -- 
• 500 
• 400 
•00 
•00 ...... • ........ • ............ 
i 10 100 1000 I • 10 • 10 • 
Production Rate {era-as -•) 
Figure 4. Altitude profiles of •he mos• impor•an• 
a•omic hydrogen production ra•es for model B wi•h 
30 keV precipitating electrons. The dashed curve is 
production due •o electron impac• dissociation of H2. 
The so•d curves are ion-molecule reactions and disso- 
ciafive recombination reactions. The curves are labeled 
with •he numbers of •he reactions in Tables 1, 2, and 3. 
The curve labeled "To•al" is •he sum of a• production 
processes. 
C2I-I3 q- H -• C2I-I2 q- I-I2 (20) 
followed by the three-body reaction (RN36) 
C2H2 + H + M --, C2H3 + M (21) 
makes up a catalytic cycle for recombination of H to 
form I-I2 [e.g., Gladstone ½t al., 1996] but is significant 
only on the bottomside of the H layer. The three-body 
loss processes were identified as important by previ- 
ous investigators [e.g., Waite ½t al., 1983; Atrcya ½t al., 
1981; Gladstone ½t al., 1996], but the ion-molecule re- 
actions were not. 
For model B with 30 keV electron precipitation, the 
figures show that photochemical equilibrium (PCE) is 
a valid approximation for H only up to about 250 km. 
Above that altitude, auroral production of H is bal- 
anced by downward transport to altitudes where it is 
destroyed by three-body chemical reactions. The nu- 
merical value of the downward flux of H at 400 km in 
model B is about 1 x 10 TM cm -2 S -1 and is equal to the 
net production rate of H above that altitude. If the pre- 
cipitating electron energies are larger, the H atoms are 
produced lower in the atmosphere, and production and 
loss are more nearly balanced at the altitude of peak 
production. 
For a given atmospheric model, as the energy of the 
precipitating electrons increases, the maximum in the 
H production rate profile shifts to lower altitudes, and 
igates the effect of either reaction on the H chemistry. 
The sink of H in reaction (R37) exceeds the source in 
reaction (R15) only by about 10%, for a net column 
loss rate of about 2 x 10 tø cm -2 s -1. The reactions of 
H with C2H4 + (R35) and with CcH• + (R36) are also im- 
portant but are not shown in Figure 5. Their profiles 
peak near 330 km, with rates of about 2000 cm -3 s -t. 
The three-body recombination reactions (RN33) 
CHa + H + M -• CH4 + M, (16) 
and (RN37) 
C2H4 + H + M --, C2H5 + M, (17) 
and the bimolecular eaction (RN25) 
C2I-I5 q- H -• CH3 q- CH3, (18) 
however, are the most important loss process for H be- 
low about 300 km. The three-body reaction (RN30) of 
H with itself 
H+H+M -• H2+M (19) 
dominates the destruction of H from about 300 to 340 
km. 
Other important H destruction mechanisms include 
reaction (RN1)with 1CH2 and reaction (RN4) with 
aCIt2. The sequence of reaction (RN19) 
700 
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400 
300 
200 
1 10 100 ! 000 104 10 • 106 
Loss Rate (cm-Ss -•) 
Figure 5. Altitude profiles of the most important 
atomic hydrogen loss rates for model B with 30 keV pre- 
cipitating electrons. The dashed curves are processes 
involving the interaction of photons or energetic elec- 
trons with neutrals; the solid curves are ion-molecule 
reactions and recombinations; the dotted curves are 
neutral-neutral reactions. The curves are labeled with 
the numbers of the reactions in Tables 1, 2 and 3. The 
curve labeled "Total" is the sum of all loss processes. 
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Figure 6. Atomic hydrogen density profiles. •odels 
A, B, •nd C •e shown •s solid, dotted, •nd d•shed 
curves, respectively. The curves •re l•beled with the 
letter of the model followed by the energy (in keV) of 
the primary electron. For example, A50 denotes model 
A with 50 keV precipitating electrons. 
the three-body recombination reactions become more 
important relative to the ion-molecule reactions as loss 
processes for H. For a given energy of the precipitat- 
ing electrons, as the eddy diffusion coefficient increases, 
the three-body recombination of two H atoms (reaction 
(RN30)) becomes less important at high altitudes, and 
the reactions of H with methane and with hydrocarbon 
ions become more important. 
The computed density profiles of atomic hydrogen for 
all three models at the precipitation energies of 20, 50, 
and 100 keV are presented in Figure 6. The altitude 
of the peak density is in the range 300-350 km for 
all models. For a given model the peak densities de- 
crease monotonically with energy of the precipitating 
electrons, and for a given electron energy the densi- 
ties decrease with increasing eddy diffusion coefficient. 
For example, for 50 keV electrons the peak densities of 
atomic H are 2 x 101•, 1.5 x 10 TM, and 1 x 10 TM cm -3 
for models A, B, and C, respectively. For model B, 
the peak H densities are 2.7 x 10 •1, 1.6 x 10 TM, and 
8 x 10 lø cm -a for 20, 50, and 100 keV electrons. Our 
computed H density profiles are similar to those pre- 
sented by Waite ½t al. [1983], but their computed H 
peak and column integrated densities are greater for 10 
keV electrons than for 1 keV electrons. Waite et al. ex- 
plained this trend as due to the decreased production of 
atomic H by low-energy electrons, which deposit their 
energy at higher altitudes, where the ratio of H to H2 
is larger. Although our models exhibit the opposite be- 
havior (increasing H densities with decreasing electron 
energy), our calculations differ from those of Waite et al. 
because our background models, by design, all contain 
nearly the same H profile for all energies of precipitat- 
ing electrons. Also, we did not construct models for 
precipitating electron energies as low as 1-10 keV. It is 
quite possible that the predicted H densities do not vary 
monotonically with electron energy at low energies. It 
is only at very low energies that the electrons deposit 
their energy high enough in the thermosphere for the H 
densities to be significant for the electron energy loss. 
Indeed, Waite et al. estimated an H density profile for 
125 keV electron precipitation in which the peak was 
lower and the peak density smaller than that produced 
by precipitation of either 1 or 10 keV electrons. 
The computed atomic hydrogen column densities pre- 
sented in Figure 3 are integrated above either the alti- 
tude of peak electron energy deposition or the methane 
absorption altitude, whichever is higher. These are the 
column densities that would be inferred from auroral 
Lyman alpha intensity data. The methane absorption 
altitude is that for which the column density is equal 
to about 5 x 1016 cm -2, the inverse of the CH4 pho- 
toabsorption cross section at Lyman alpha (2 x 10 -17 
cm2). The methane absorption altitude is higher than 
the peak of the electron energy deposition only for the 
highest energy electrons and the highest eddy diffu- 
sion coefficients. For our standard model the H column 
decreases from about 6 x 1018cm -2 for 20 keV elec- 
trons to 1 x 1018 cm -2 for 100 key electrons. For the 
atmospheres with enhanced eddy diffusion coefficients, 
the computed H columns are smaller. For model C the 
variation is from 1 x 1018 cm -2 for 20 keV electrons 
800 
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Ionization Rate (em -a see-') 
Figure 7. Selected altitude profiles of the direct ioniza- 
tion rates for model A with 50 key precipitating elec- 
trons. The solid curves are electron-impact processes; 
the dotted curves are photoionization and photodisso- 
ciative ionization; the dashed curves are the sum of 
electron-impact and photoionization. 
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Table 7. Column Ionization Rates for Models A, B and C at Three Energies 
Parent Model A Model B Model C 
Neutral Channel 20 keV 50 keV 100 keV 20 keV 50 keV 100 keV 20 keV 50 keV 100 keV 
H2 
H 
He 
CH4 
C2H2 
C2H4 
C2H6 
Total 
H2 + 1.81x10 TM 1.70X10 TM 1.72X10 TM 1.80>(10 TM 1.75X1011 1.72>(10 TM 1.81X10 TM 1.70>(10 TM 1.72X10 TM 
H + 7.17X109 6.74X109 6.84X109 7.16X109 6.94X109 6.82X109 7.17X109 6.74X109 6.83X109 
H + 1.26 X 108 2.38 X 107 6.59 X 106 1.34 X 108 2.58 X 107 6.84 X 106 1.41 X 108 2.60 X 107 7.00 X 106 
He + 3.54X109 6.12X109 8.14X109 6.87X 109 9.02 X 109 9.94X 109 9.83X 109 1.04>(1010 1.08X1010 
CH4 + 4.09X106 6.12X107 2.25X108 8.24X107 3.07X108 5.10>(108 3.57X108 5.88X108 7.31>(108 
CH3 + 3.61 x106 5.84x107 1.99x108 7.27x107 2.71 x108 4.50x108 3.15>(108 5.19>(108 6.46x108 
CH2 + 5.34>(105 8.28>(106 2.93>(107 1.08>(107 4.00>(107 6.65>(107 4.66x107 7.67>(107 9.54>(106 
CH + 1.73 x 105 2.79 x 106 9.49 x 106 3.48 x 106 1.29 x 107 2.15 x 107 1.51 x 10 7 2.48 x 107 3.09 x 107 
C + 8.71 x 104 1.41 x 106 4.79 x 106 1.75 x 106 6.52 x 106 1.09 x 107 7.60 x 106 1.25 x 107 1.56 x 107 
H + 2.64 x 105 4.27 x 106 1.45 x 107 5.32 x 106 1.98 x 107 3.29 x 107 2.31 x 107 3.80 x 107 4.72 x 107 
C2H t 2.05 x104 3.38 x106 1.40 x107 7.80 x105 8.29 x106 1.65 x107 5.64 x106 1.38 x107 1.89 x107 
C2 H+ 4.07x103 6.70x105 2.77x106 1.55>(105 1.64x106 3.26x106 1.12x106 2.75x106 3.75x106 
C2 + 1.14x103 1.87x105 7.74x105 4.31 x104 4.58x105 9.10x105 3.12x105 7.68x105 1.05x106 
CH + 1.12x103 1.85>(105 7.66x105 4.27x104 4.53x105 9.00x105 3.08x105 7.60x105 1.03x106 
C + 5.03 x 102 8.29 x 104 3.43 >( 105 1.91 x 104 2.03 x 105 4.03 x 105 1.38 x 105 3.40 x 105 4.63 x 105 
all ions 2.75 X 102 7.27 X 104 3.45 >( 105 1.25 X 104 1.71 X 105 3.73 X 105 1.02 X 105 2.90 X 105 4.16 X 105 
all ions 1.41X103 4.81X105 2.28X106 7.95X104 1.15X106 2.46X106 6.95X105 1.92X106 2.69X106 
Ionization 1.92X10 TM 1.83X1011 1.87X10 TM 1.94X1011 1.92X10 TM 1.90X10 TM 1.99X10 TM 1.88X10 TM 1.91X10 TM 
Rates are in units of cm-2s-1 
to 1.3 x 10 x7 cm-2 for 100 keV electrons. The atomic 
hydrogen column densities are less as the electron en- 
ergy increases because the H atoms are produced lower 
in the atmosphere, where they may be destroyed effi- 
ciently by reaction with hydrocarbons. For a given elec- 
tron energy, as the eddy diffusion coefficient increases, 
the hydrocarbon neutral and ion densities increase at 
high altitudes, so the atomic hydrogen loss rates in- 
crease at higher altitudes. Our computed H densities 
are, of course, maximum values, since our model does 
not include transport of H out of the auroral regions by 
thermospheric winds. It is, however, noteworthy that 
the computed H column densities are not reduced to 
values that are less than those at lower latitudes or to 
those that were derived by Prangg et al. [1997] from the 
auroral Lyman alpha line shape, at least for the most 
probable combinations of eddy diffusion coefficients and 
electron energies that we find. Although the predicted 
H columns are small, about 1017 cm-2, for the high- 
est electron energies and model C, the corresponding 
methane column densities above the altitude of peak 
absorption are about l0 is cm -2 and are much too large 
for this combination to be probable. 
Although we have plotted in Figure 3 the column 
densities of H that would be derived from Lyman al- 
pha data, this is not necessarily equal to the total col- 
umn density of H in the model. For model A, and 50 
keV electrons, the total H column is about 2.9 x l0 is 
cm-2 s-1 which is close to that shown in Figure 3 For , ß 
model B, with 30 keV electrons, and model C, with 20 
keV electrons, the total H column densities are about 
2 8 x 10 •8 and 1.59 x 10 •8 cm -2 respectively. Both ß , 
of these values are larger than the column densities in 
Figure 3, mostly because the methane densities are en- 
hanced at higher altitudes in the higher eddy diffusion 
models, and thus unit optical depth occurs at higher 
altitudes. 
4.1. Ion Density Profiles 
The production rates of ions for our standard model 
and an electron energy of 50 keV are presented in Fig- 
ure 7. The peak of ion production occurs near the peak 
of electron energy deposition, near 300 kin. The ma- 
jor ions produced are H2 +, H +, He+, CH• +, and CHa +.
As expected, the altitude of the peak in the H2 + pro- 
duction profile decreases with increasing energy of the 
precipitating electrons but, for a given electron energy, 
is not much affected by changes in the eddy diffusion 
coefficient. Integrated column ionization rates for all of 
our models for 20, 50 and 100 keV electrons are pre- 
sented in Table 7. The integrated H2 + production rates 
are nearly the same for all of our models, largely be- 
cause the energy fluxes were normalized to that neces- 
sary to produce 60 kR of Lyman band emission, and the 
shape of the H2 electron-impact ionization cross section 
is similar to that for excitation of the B state of H2. The 
production rate of hydrocarbon ions, however, increases 
significantly with both electron energy and eddy diffu- 
sion coefficient. Direct production of hydrocarbon ions 
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Figure 8. Computed density profiles for selected ions 
for (a) model A with 50 keV precipitating electrons, 
and (b) model B with 30 keV precipitating electrons. 
The dotted curves are the density profiles for H + and 
I-Ia + for an enhanced 1-12 vibrational temperature of4000 
K. 
by electron impact is, however, small compared to pro- 
duction via ion-molecule reactions, as we will discuss 
below. 
The major ions that are produced are transformed 
by ion-molecule reactions; the steady state ion densi- 
ties are shown in Figure 8a for model A, with 50 keV 
precipitating electrons, and in Figure 8b for model B, 
with 30 keV precipitating electrons. Even though H• + 
is the major ion produced, it is transformed by reaction 
with H2 into Ha + (reaction(R28)). H + is the major ion 
above about 450 km. Modeling the topside Jovian ra- 
dio occultation profiles has generally been problematic, 
with predicted electron density peaks generally larger 
and lower in altitude than the observed values at mid- 
dle or equatorial atitudes. H + is destroyed slowly by 
radiative recombination and more efficiently by charge 
transfer to vibrationally excited H• (reaction(R29)) 
H + + H2(v >_ 4)--, H2 + + H (22) 
ifil2 is sufficiently vibrationally excited [McElroy, 1973]. 
In solar source only (nonauroral) models without reac- 
tion (R29) above, the altitude of the peak electron den- 
sity is near 600 km, and the peak density is in excess 
of 106 cm -3 or more [e.g., Waite ½! al., 1983; Alreya 
½! al., 1979]. Radio occultation profiles showed that 
the peak densities at midlatitudes occur higher in the 
atmosphere, at altitudes of 1000 to 2000 km, and are 
an order of magnitude smaller than the model values 
[Eshleman et al., 1979a,b; Hinson e! al., 1998]. 
Enhanced and sometimes altitude-variable H2 vibra- 
tional temperatures and/or vertical ion drifts have been 
successfully invoked to reproduce the observed midlati- 
tude electron density peaks [e.g., Waite e! al., 1983; Ma- 
jeed and McConnell, 1991]. Cravens [1987] carried out 
the first model calculation of the vibrational distribu- 
tion of H2 in the auroral and nonauroral thermospheres 
and showed that, with the computed vibrational pop- 
ulations, the solar-only model electron densities were 
reduced by the required factor of 10 at high altitudes, 
but the peak electron density was about 4 x 105 cm -3 at 
an altitude of about 600 km. Majeed e! al. [1991] com- 
puted the vibrational distribution of H2 in the nonauro- 
ral Jovian thermosphere, including fluorescence in the 
Lyman and Werner bands, which Cravens [1987] had 
neglected. The electron density profiles that they com- 
puted were similar to those of Cravens but could not be 
made to fit the existing midlatitude radio occultation 
profiles, even with vertical drifts imposed. 
The Voyager 2 entrance radio science electron density 
profile at 65øS latitude was near the auroral zone, al- 
though until recently, only the topside electron densities 
had been derived for this occultation. A recent reanaly- 
sis of the Voyager 2 radio science entrance data shows 
an electron density peak near 650 km of about 3.5 x 105 
cm -3 [Hinson ½t al., 1998]. This altitude is close to that 
predicted by auroral models without reaction (R29) or 
vertical drifts, but the measured electron peak density 
(about (3 - 4) x 105 cm -a) is smaller than model peak 
densities by 2 orders of magnitude [e.g., Waite e! al., 
1983; Singhal ½t al., 1992]. Waite et al. managed to 
match the high-altitude measurements with an altitude 
variable H2 vibrational temperature, but the peak was 
still too high, at about 1000 km. For the auroral case 
with 10 keV electron precipitation, i cluding the com- 
puted H2 vibrational distribution and reduced H densi- 
ties, Cravens [1987] found the auroral electron density 
peak was reduced by a factor of 10 but was still greater 
than I x 106 cm -3. 
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Perhaps coincidently, the solar source model elec- 
tron density profiles of Cravens [1987] and Majeed et 
al. [1991] seem to fit the measured Voyager 2 entrance 
(66øS latitude) profile derived by Hinson et al. [1998] 
remarkably well. The auroral ion production rates are, 
however, larger than those at midlatitudes, leading to 
model electron densities that are 2 orders of magnitude 
greater than the Voyager 2 entrance profile [Hinson et 
al., 1998]. Hinson et al. suggest that the photochemical 
models fit because the tangent point of the occultation 
was near but not in the auroral zone. Whether this 
is true, or whether the larger auroral production can 
be cancelled out with a reasonable auroral vibrational 
distribution of H2 or vertical drifts, is unknown and 
probably will remain so until more is understood about 
the auroral thermosphere compared to the nonauroral 
thermosphere. The vibrational temperature of H2 in 
the auroral regions may be enhanced because the rate 
of production of vibrationally excited H2 by electron 
impact is larger and because the emission rates in the 
H2 bands are enhanced. If, however the H densities are 
larger than at midlatitudes, the rate of quenching will 
also be higher [e.g., Cravens, 1987]. 
We have chosen to sidestep these questions here. For 
reaction (R29) we have assumed a constant vibrational 
temperature of 1470 K, which yields an effective rate 
coefficient of 1 x 10- •5 cm as-•. As Figures 8a and 
8b show, the model H + peak density is near 1000 km, 
with a value of about (2-3) x 106cm -a. We have 
also computed ion density profiles for a higher H2 vi- 
brational temperature of 4000 K, and the resulting H + 
profile is shown also as a dashed curve in Figure 8b. 
For this high vibrational temperature, H• + is the domi- 
nant ion over a large altitude range, and the H + peak 
rises to an altitude of 1960 kin. It is noteworthy that 
in this case, the Jovian ionosphere exhibits an extensive 
F• (molecular ion) peak. Thus we find, as have others, 
that increasing the vibrational temperature of H2 de- 
creases the H + peak density, but the F2 peak also rises 
to altitudes much higher than observed. A model with 
a more realistic H2 vibrational distribution, in which 
the degree of vibrational excitation increases with alti- 
tude, could probably be constructed to fit the data but 
would not further our understanding of the Jovian au- 
roral ionosphere. Instead, we focus here on the lower 
ionosphere, which has been less explored. 
In a narrow altitude range near 400 km in our stan- 
dard model, the Ha + density exceeds that of H +, with 
a peak density of about (1- 2) x 105 cm -a, which de- 
creases as the electron energy increases. The total col- 
umn density of H• + in our standard model A for 50 keV 
precipitating electrons i about 1.2 x 10 •2 cm -2 (Figure 
8a); for model B with 30 keV electrons it is similar, 
about 1.1 x 1012 cm -2 (Figure 8b); for model C with 
20 keV electron precipitation the Ha + column is slightly 
less, 9.5 x 10 • cm -2. These values can be compared 
to those derived from measured intensities ofthe Ha +
fundamental and overtone transitions at 4 and 2 /•m. 
Our column densities are on the low end of the range in- 
f•d by V•o•a•t •t al. [•OSO of (•.•-•)x •0 •"•m -" and in the middle of the range inferred by Drossart et 
al. [199a] of (6- 19) x 1011 cm -2. We note, however, 
that the use of a higher H2 vibrational temperature in- 
creases the column density of It3 +. Indeed, ifwe increase 
the vibrational temperature of It2 to 4000 K, as shown 
in Figure 8b for model B, the H3 + column density in- 
creases to about 4 x 10 TM cm -2 which is larger than 
can be accommodated by the observations of Drossart 
et al. [1993a]. 
Below about 400 kin, hydrocarbon ions become dom- 
inant, and the total density peak is also of the order 
of (1- 2) x 105 cm -a. In the enhanced eddy diffu- 
sion coefficient models the altitude where hydrocarbon 
ions dominate is shifted to higher altitudes, and the 
hydrocarbon ion layer broadens. The most important 
hydrocarbon ion over about a 50 km range below the 
H• + peak is CH5 +, which is produced by reaction of CHa + 
with H2 (reaction (R26)) and by reaction of H• + with 
CH4 (reaction (R25)). Above the CH5 + layer, the most 
important hydrocarbon ion is CH• +, which is produced 
by the reaction of H + with CH4 (reaction (R27)). At 
lower altitudes C t and C2 ions are transformed to higher 
hydrocarbon ions, and the class of Ca and C4 ions be- 
come more important. The hydrocarbon ion density 
profiles are similar in shape and composition to those 
predicted by Kim and Fox [!994] for midlatitudes at lo- 
cal noon, but the predicted peak densities are an order 
of magnitude greater for the auroral ionosphere than for 
the nonauroral ionosphere. 
800 
[ 1\ I \\ 
g cm2s_• 
,• •oo 
•400 
200 [____:___:__:_:_,_:•,I  , , ,,u.l .. ..... t ... I .. ... I , ,,•,,I , 
0.001 0.01 0.1 1 10 t 00 1000 10 • 
Produetion Rate (era -a see -•) 
•igure 9. Altitude profiles of computed excitation 
rates for various excited states or emission of H2 and H. 
The species in parentheses are the parent species. The 
curves labeled Lya and Bala are emission rates of H 
Lyman alpha and H Bulmer alpha. The curves labeled 
CtU} and B tE} are production rates of the excited 
states of H2. 
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The total densities of the hydrocarbon ions that we 
predict are similar to those computed by Sin9hal et al 
[1992]. Their predicted peak hydrocarbon ion densi- 
ties are of the order of 105 cm -3. There are differences 
in the compositional details, however, that may relate 
to the neutral background model atmosphere, the "po- 
lar model" proposed by Liven9ood et al. [1990], that 
they use. For example, H3 + does not dominate any- 
where in their model. Although Waite et al. [1983] 
computed density profiles for six hydrocarbon ions in 
their comprehensive model, individual ion density pro- 
files were not presented, so no detailed comparison is 
possible. Their electron density profiles do not show 
any structure on the bottomside that would signify a 
hydrocarbon ion layer, but the energies of the precipi- 
tating electrons adopted by Waite et al., 1 and 10 keV, 
were chosen to avoid penetrating far into the methane 
layer. The lack of a hydrocarbon ion layer is therefore 
not surprising. The chemistry of the lower ionosphere 
will be examined in detail in a later publication. 
The recent reanalysis of the Voyager 2 entrance ra- 
dio occultation by ttinson et al. [1998] has shown that 
the electron densities exceed 1 x 105 cm -a below the 
main peak at 640 km down to about 420 km. Our 
models exhibit significant ionization down to about 300 
km. The difference may relate to the background at- 
mosphere that we have adopted, which is essentially for 
the equatorial regions, or as Hinson et al. have sug- 
gested, the Voyager 2 entrance profile may be near but 
not in the auroral zone. 
4.2. Excitation and Emission Rates 
Precipitation of energetic electrons in the polar re- 
gions produces emissions ofH2 in the Lyman (B • I]• + -• 
+) band systems, X • Es+ ) and Werner (C • II• l• X • I].q 
H Lyman alpha, and H Balmer alpha, among others. 
Production rate profiles for some of the excited states 
Table 8. Column Production Rates for Model B at 
Three Energies 
10 
20 40 60 80 •00 
2O0 
180 
160 
20 40 60 80 100 
Precipitating Electron Energy (keY) 
Figure 10. (a) Atmospheric temperature at the alti- 
tude of peak electron energy deposition as a function of 
primary electron energy for models A, B, and C. Low- 
energy primaries deposit their energy slightly lower in 
the atmosphere for the high eddy diffusion coefficient 
models than the low eddy diffusion coefficient models. 
(b) Pressure at the altitude of peak electron energy de- 
position. 
Channel 20 keV 50 keV 100 keV 
B l•u-[' 6.0X 10 4 6.0X 10 4 6.0X 10 4 
B t l•u+ 1.0X10 4 1.0X 10 4 1.0X10 4 
Bit 1 y],u + 1.5 X 10 3 1.3 X 10 3 1.2 X 10 3 
C lII u 5.4x 10 4 5.4x 10 4 5.4x10 4 
DlII u 9.1XlO 3 8.7x10 3 8.6x10 3 
D t 1IIu 3.8 X 103 3.4 x 103 3.2 X 103 
E,F l•g+ 9.0X 10 3 8.8X 10 3 8.?X 103 
Lyman-•t (H2) 1.0X104 9.2X103 8.8X 103 
Balmer-•t (H2) 1.4X103 1.4X103 1.3X103 
Balmer-fl (H2) 2.2X102 2.1X102 2.0X102 
Balmer-7 (H2) 5.6X101 5.2X 101 4.9X101 
Lyman-•t (H) 1.31X102 2.58X 101 6.91 
Balmer-•t (H) 2.19X 101 4.29 1.15 
Rates are in units of 10 6 cm-2s - 1 
of H2 and H are presented in Figure 9. The excitation 
rates peak near 300 km in our mode]s, with values of 
1 x 104 cm -3 s- • for both the H2 B and C states. Inte- 
grated excitation rates are presented in Table 8. The es- 
timated column excitation rates for the B and C states 
are about 60 x 109 cm-2 s- x, and 54 x 109 cm-2 s- • for 
all the models. Cascading from the E/F states to the 
B state will increase the emission in the Lyman bands 
by about 15%. The energy fluxes of the precipitating 
electrons were determined by the requirement that the 
intensity of L yman band emission be about 60 kR be- 
fore absorption by CH4. The emergent intensities will 
be modified by hydrocarbon absorption at wavelengths 
shortward of the thresholds, which are at about 1450 • 
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for CH4 and 1850 A for Calla. The Ha emission bands 
terminating on low vibrational levels (v _< 2) are opti- 
cally thick [Wolven and Feldman, 1998]. The bands are 
reabsorbed, and their intensity is distributed among the 
other bands, so a detailed radiative transfer calculation 
may not be needed to determine the emission rates. We 
will model the predicted Ha spectra in a later publica- 
tion. 
The integrated total production rate of H(2p), the 
upper state of the Lyman alpha line, is (13- 14) x 
109 cm-a s- • and is produced mainly by electron-impact 
dissociative excitation of Ha. Resonance scattering of 
solar radiation should also make a significant contribu- 
tion to the auroral Lyman alpha intensity on the day- 
side. Determining the resonance scattering component 
and the emergent intensity of Lyman alpha emission 
would require a radiative transfer calculation, such as 
has been carried out by Gladstone [1982b], Ben Jaffel 
et al. [1993], and Pran9f et al. [1997]. 
The computed integrated intensity of the Balmer al- 
pha and beta lines, which arises mainly from electron- 
impact dissociative excitation of Ha, is 1.5-1.6 kR. The 
total auroral overhead intensity in the visible has been 
estimated by Cook et al. [1981] from Voyager images 
as 5 kR. Significantly larger values were inferred by In- 
gersoll et al. [1998] but for a much narrower auroral 
oval. 
4.3. Temperatures and Pressures at the 
Auroral Energy Deposition Peak 
We present in Figures 10a and 10b the pressure and 
temperature at the altitude of peak energy deposition 
as a function of energy of the precipitating electrons 
for all our models. No significant differences were seen 
for models A, B, and C, which differ mainly in the 
expressions for the eddy diffusion coefficient and thus 
mainly in the hydrocarbon density profiles. The Ha 
profiles change only slightly from one model to another. 
The pressure at the electron energy deposition peak in- 
creases from about 0.5 to 10 ttbar, and the temperature 
at the peak decreases from 200 to 160 K as the energy 
of the primary electrons increases from 20 to 100 keV. 
These temperatures are much lower than those inferred 
from rotational analyses of high-resolution spectra of 
the Ha Lyman and Werner band systems, which are in 
the range 300 to 850 K at the peak of the emitting layer, 
with most values near 400-500 K [T ration et al., 1994; 
Clarke et al., 1994; Liu and Dalgarno, 1996; Kim et al., 
1997]. This provides another piece of evidence that the 
auroral thermosphere is considerably warmer than the 
equatorial or midlatitude thermosphere. 
5. Summary and Conclusions 
We have modeled the Jovian auroral thermosphere 
and ionosphere by carrying out multistream electron 
transport calculations for a standard model thermos- 
phere (model A) based on Galileo pressure and temper- 
ature profiles. The altitude profiles of methane and the 
stable Ca hydrocarbons in our standard model A were 
designed to be consistent with the Galileo atmospheric 
structure experiment [Seiff et al., 1997] and the calcula- 
tions of Gladstone et al. [1990]. The expression for the 
eddy diffusion coefficient K in the standard model is 
that derived from the Voyager stellar occultation data 
[Festou et al., 1981; Atreya et al., 1981]. In addition, 
we have carried out calculations for two additional mod- 
els in which the homopause values for/f are factors of 
about 5.5 and 40 greater than the standard value. 
The precipitating electrons were assumed to be es- 
sentially monoenergetic with nine energies in the range 
20-100 keV, and the fluxes were assumed to be isotropic 
over the downward hemisphere. Energy fluxes of about 
11 ergs cm-as -• were chosen to produce 60 kR of Ly- 
man band emission, approximately the average value 
inferred by Kim et al. [1997] from HST data. This 
energy flux is only slightly larger than that employed 
in previous models by Waite et al. [1983] and Singhal 
et al. [1992]. From our calculations, we have derived 
column densities of Ha, H, CH4, and Call2 above the 
peak of the energy deposition profile of the precipitat- 
ing electrons. The methane column densities inferred 
from recent spectral modeling of the Lyman and Werner 
band system are mostly in the range (2- 7) x 10 •6 
cm -a [Waite et al., 1988; Gladstone and Skinner, 1989; 
Trafion et al., 1994; Kim et al., 1997; Morrissey et al., 
1997]. From these values, we can infer the most likely 
energies of the precipitating electrons for our model at- 
mospheres. The values are 45-55 keV, 25-30 keV, and 
15-20 keV for models A, B, and C, respectively. Our 
models also show that the column density of Ha derived 
by Wolven and Feldman [1998] from Werner band emis- 
sions terminating on v = 2 in auroral spectra recorded 
by HUT implies an electron energy of about 30 keV. 
We have calculated ion production rate profiles and 
steady state ion density profiles for the auroral regions. 
Our predicted profiles of hydrocarbon ions are similar 
to those predicted by Kim and Fox [1994] for midlat- 
itudes at local noon, but the densities are an order of 
magnitude larger. Significant ionization extends down 
to altitudes near 300 km (3.3 ttbar). 
We have modeled electron-impact excitation rates of 
the electronic states of Ha that emit in the Lyman and 
Werner bands, that of the H(2p) state that emits at 
Lyman alpha, and the Batmet alpha and beta emission 
rates. We have examined the chemistry of H atoms in 
detail and present upper limits to the density profiles 
for H for several combinations of models and electron 
energy. The predicted peak and integrated densities 
decrease as the energy of the precipitating electrons in- 
crease and as the eddy diffusion coefficient increases. 
We find, however, that we cannot reproduce the low H 
column densities of (1 - 5) x 10 • 6 cm- 2 that are derived 
by Prang( et al. [1997] from analysis of the self-reversed 
profile of the auroral Lyman alpha line. Our computed 
values are, of course, upper hmits, which may be re- 
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duced by winds from the polar to equatorial regions, 
but such winds cannot reduce the auroral H column 
densities below their equatorial or midlatitude values, 
which are in the range (1- 5) x 1017 cm -2. 
Finally, we find that the temperatures at the alti- 
tude of peak electron energy deposition for our Galileo- 
based thermospheric models are less than 200 K and 
are much smaller than those derived from rotational 
analysis of HST data. We conclude that the auroral 
thermosphere is considerably hotter in the 0.5-10/•bar 
region than the near-equatorial region that was sampled 
by the Galileo probe [Seiff et al., 1997] and from which 
our pressure and temperature profiles were constructed. 
Calculations for a background model with a more real- 
istic auroral temperature profile are in progress. 
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